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Available online 11 May 2016AbstractThe formation and decomposition of submarine natural gas hydrate (hereinafter hydrate for short) are greatly influenced by methanogenesis
and anaerobic methane oxidation of microorganisms, so it is necessary to conduct further analysis on the metabolic mechanism of archaeal
communities and its indicative effect on hydrate reservoir formation. In this paper, the structures of archaeal communities at the cores of Station
973-4 in the Southwest Taiwan Basin of the South China Sea were studied by means of 16S rDNA molecular biological technologies, and then
were compared with those at hydrate occurrence and non-occurrence zones in the Japan Sea and the Shenhu area of the South China Sea. It is
shown thatMethanosarcina is the predominant community at the cores from Station 973-4, with a percentage of 50% in the surface zone, 46.1%
in the sulfateemethane transition zone (SMTZ) and 66.7% in the deep zone.Methanomicrobiales is the secondary predominant community, with
a percentage of 28.3% in the surface zone, 30.7% in SMTZ and 11.1% in the deep zone. The percentage changing tendency of the above-
mentioned communities are closely related with the variation of organic matter content and compositions during the early diagenetic pro-
cess. It is concluded that the structures of archaeal communities are in accordance with the analysis results of bacteria, geochemistry and
mineralogy, indicating the occurrence of hydrate at the bottom of the cores from Station 973-4. In addition, the structures of archaeal com-
munities are characterized by diversity, so attention shall be paid to the synergy between geochemical parameters and geologic characteristics, so
that the indicative effect on hydrate reservoir formation will be presented more accurately.
© 2016 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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oxidationThe formation and decomposition of submarine natural gas
hydrate (hereinafter hydrate for short) are greatly influenced
by methanogenesis and Anaerobic Oxidation of Methane
(AOM) of microorganisms [1,2]. The structures and indicative
species of the microorganism communities can be used to
study the hydrate reservoir formation, to which much attention
has been paid by scientists in various countries. For instance,* Corresponding author. State Key Laboratory of Marine Environmental
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).Bidle et al. [3] found several types of sulfur metabolic bac-
teria, methanogenic bacteria (such as Methanosarcinaceae),
methane-oxidizing bacteria (such as Methylocaldum) in Cas-
cadia (Station ODP892B). Niemann et al. [4] found that there
developed three major types of bacteria in the Haakon Mosby
mud volcano: aerobic methane oxidizing bacteria Methyl-
ococcales, anaerobic methane oxidizing archaea ANME-2 and
ANME-3; moreover, the diffusion of sulfate and free oxygen
in porous fluid restrained the usability of electron acceptor of
methane oxidizing bacteria, then limited its habitat scope.
Based on the research results of Niemann et al. [4], L€osekann
et al. [5], the 16S rRNA and fluorescence in situ hybridizationElsevier B.V. This is an open access article under the CC BY-NC-ND license
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teria communities in the Haakon Mosby mud volcano. The
search results of various scholars in various sea areas and
habitats are useful for further understanding of the driving
effect of the bacteria in the process of gas hydrate formation.
However, it is necessary to conduct further studies on the
metabolic mechanism of archaeal communities [6].
The South China Sea provides suitable conditions (e.g.
source, temperature and pressure) for hydrate reservoir for-
mation. Particularly, the passive continental margin in the
northern South China Sea and the ocean basins and ocean
trenches in the eastern South China Sea are the favorable areas
for hydrate accumulation. After 2007, the Guangzhou Marine
Geology Survey drilled and obtained hydrate samples again in
the South China Sea in 2013, further promoting in-depth study
on the mechanism of hydrate reservoir formation in the South
China Sea by various scholars [7e12]. In the past few years,
Zhang Yong et al. [13] have analyzed the archaeal diversity of
surficial sediments in the Shenhu area of the northern South
China Sea, and found that the major community of Cren-
archaeota is C3, and the major Euryarchaeota is Marine
Benthic Group (MBG)-D. Zhang Hao et al. [14] pointed out
that Crenarchaeota is the major type in surficial sediments in
Xisha Islands sea area, the main community is Marine Cren-
archaeotic Group I (MGI), with apparently high diversity than
that of the archaea. Shi Chunxiao et al. [15] found that Pro-
teobacteria is the predominant community in the deposit cores
near Jiulong methane reef in Dongsha Islands. Currently,
though some progresses have been made in the surveys on the
structures of archaeal communities in deposits in various sea
areas of the South China Sea, the study on utilizing geo-
microbiology to identify hydrate is still at its initial stage [16].
16S rDNA molecular biological technologies were used to
study the structures of archaeal communities at the cores of
Station 973-4 (hereinafter 973-4 core for short) in the South-
west Taiwan Basin of the South China Sea. And those struc-
tures were compared with those in hydrate-occurrence and
non-occurrence zones in the Japan Sea [17] and the Shenhu
area [18] of the South China Sea so as to explore the indicative
effect of archaeal communities on hydrate reservoir formation.
1. Materials and methods1.1. The archaeal diversity of 973-4 core in the SW
Taiwan BasinFig. 1. Location of 973-4 core in the SW Taiwan Basin [15].The South China Sea is the biggest marginal sea in China.
The Southwest Taiwan Basin is located on the passive conti-
nental margin in the northern South China Sea, adjacent to the
Dongsha Uplift of the Pearl River Mouth Basin. Its north is the
Penghu Beigang Uplift, and its east boundary is the
QuchieLaonong Fault on west fringe of the Taiwan Central
Mountains, striking in NE direction. Its tectonic evolution un-
derwent early extension and later compression. The sea area of
the Southwest Taiwan Basin has plentiful terrigenous organic
matters, with a high deposition rate, wide bottom-simulating
reflector (BSR). The analysis results of geochemical featuresof carbonate rocks, pyrite and porewater in the deposits indicate
that this sea area is the optimum region of hydrate occurrence in
the South China Sea [7,9]. The Station 973-4 is situated near the
Jiulongmethane reef in the Southwest Taiwan Basin, with water
depth of 1666 m, from which 13.95 m cores were obtained
(Fig. 1). This core was cut according to the max sampling
density, then to measure the structures of archaeal communities
in various depths. The concrete methods and steps are described
below.
1) Take the 1 g deposit sample, and use the Power Soil
DNA Isolation Kit reagent box to extract DNA.
2) Take the DNA sample as the template to do PCR
amplification. The primer is 355F/1068R.
3) Connect the amplification product to 19T-Vector, and
then transfer it into the DH5a cell to select blue-white
plaques; select positive clones by bacterial colonies
PCR, and then send the positive clones to Sangon
Biotech (Shanghai) Corporation to do sequencing.
4) Compare the measured archaeal sequences on NCBI,
and search for bacterial types with higher homology.
Based on the measured SulfateeMethane Transition Zone
(SMTZ) data (<900 cm) [9] and the analysis result of bacterial
diversity, the 973-4 core was divided into three zones within
12 various depths [15]: 20e382 cm in surface zones,
552e796 cm in SMTZ, and 862e1196 cm in deep zones, then
the structures of the bacteria communities were explored
(Fig. 2a).1.2. Analysis of archaeal diversity in hydrate occurrence
and non-occurrence zonesThe hydrate occurrence zones in the Japan Sea are located
in Umitaka Spur (the SW Joetsu Basin), including three
Fig. 2. Structures of archaeal communities in 973-4 core (a) and deposits [18]
in the Shenhu area (b).
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(3725.800N, 13800.350E), and MD3296 (3724.810N,
13800.800E). The hydrate non-occurrence zones in the Japan
Sea include three stations: MD3312 (3732.090N,
13808.300E) in Unnamed Ridge; MD3325G (3816.520N,
13755.040E) in Toyama Trough and MD3326G (4031.320N,
13837.990E) in West Tsugaru. The cores in the above six
stations all cross SMTZ (<500 cm), reaching deep deposit
layers. By sequencing, we obtained the structures of these
archaeal communities [17].
All the deposit samples in the Shenhu area are surface layer
samples (0e30 cm below seabed). Hereinto, the samples of
the hydrate occurrence zones are from two stations (SH3B and
SH7B), and the samples of the hydrate non-occurrence zones
are from three stations (SH1B, SH5B and SH5C) [18]. By
DNA extraction, PCR amplification and sequencing, we ob-
tained the structures of archaeal communities (Fig. 2b).
2. Structure differences of archaeal communities in cores2.1. Structures of archaeal communities in 973-4 coreThe archaeal communities detected in the 973-4 core
include Methanomicrobiales, Methanococcoides, Meth-
anospirillum, Methanoculleus, Methanosarcina, and Meth-
anogenium (Fig. 2a). Among them, Methanosarcina is the
predominant community, accounting for the highest ratio in
the deep zone (up to 66.7%); the surface zone is secondary in
ratio (50%); and the SMTZ zone accounts for the lowest ratio(46.1%). Methanomicrobiale is the secondary predominant
community, 28.3% in the surface zone, 30.7% in SMTZ, and
11.1% in the deep zone. Uncultured archaeon also accounts
for some ratios in the 973-4 core (Fig. 2a), but its metabolic
mechanism is not clear. But the study on its metabolic process
is beneficial for understanding the methane metabolic and
ecologic features of this core.2.2. Structure differences of archaeal communities in
973-4 core, hydrate occurrence and non-occurrence
zonesIn the hydrate occurrence zones in the Japan Sea, the
developed archaeal communities include MBG-D, Deep-Sea
Archaeal Group (DSAG, or MBG-B), South African Gold
Mine Euryarchaeotic Group (SAGMEG), Deep-Sea Hydro-
thermal Vent Euryarchaeotic Group (DHVE)-6 and Ancient
Archaeal Group (AAG). In the hydrate non-occurrence zones,
there are SAG-MEG and DHVE-6 [17]. In the hydrate
occurrence zones in the Shenhu area, the predominant archaeal
community is Miscellaneous Crenarchaeotic Group (MCG),
and the others include MBG-B, Uncultured Crenarchaea
Group II b (UCII-b), SAGMEG and C3. In its hydrate non-
occurrence zones, the predominant archaeal community is
MBG-D, and the others include MGI, SAGMEG, C3 and
Halobacteria [18] (Fig. 2b).
The archaeal communities detected in the 973-4 core, the
deposits from the Japan Sea and the Shenhu area mainly
belong to Crenarchaeota and Euryarchaeota. Among which,
the Crenarchaeota include DSAG, MCG, MGI and C3, and the
Euryarchaeota include MGB-D, DHVE-6, SAGMEG, Hal-
obacteria, and Methanomicrobiales, Methanococcoides,
Methanospirillum, Methanoculleus, Methanosarcina and
Methanogenium. This shows that the diversity of the Cren-
archaeota species is more than that of the Euryarchaeota
species. The archaeal communities in the 973-4 core are all
Crenarchaeota; the hydrate occurrence zones and non-
occurrence zones in the Japan Sea and the Shenhu area
include both Crenarchaeota and Euryarchaeota. However,
though the 973-4 core is similar, its major species are obvi-
ously different.
3. Discussion3.1. The indication of structures of archaeal
communities in 973-4 core to hydrateIn the 973-4 core, Methanosarcina is the predominant
community. Except for the methanogens bacteria in methyl-
using type [19], the other bacteria species Meth-
anosarcinales/ANME can consume methane, representing
methanotrophs, which is similar to the archaeon in the deposits
of lakes, oil reservoir beds and seas [20e23]. Meth-
anomicrobiales is the secondary predominant archaeal com-
munity, representing CO2 type methanogens [24e26]. In the
surface zone and SMTZ zone of the 973-4 core, there is
Methanoculleus, being methanogens [19], which was ever
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4 core, the Methanosarcina ratio firstly decreases with the
depth increase, and then gradually increases; however, Meth-
anomicrobiales firstly increases and then decreases. This in-
dicates that from the surface zone to the deep zone,
microorganisms use different substrates to produce methane,
i.e., CO2 þ 4H2 / CH4 þ 2H2O, 2CH2O / CH4 þ CO2.
Different reaction substrates are closely related to the organic
matter content and composition in the early diagenetic process
of marine sediments [28]. Based on the research results of the
bacteria community structures in the 973-4 core [15], a
conclusion can be drawn that in the 552e800 cm interval,
Methanosarcinales/ANME and Desulfuromonadales bacteria
[15] together drive the AOM reaction [1,6]:
CH4 þ SO24 /HCO3 þ HS þ H2O, which led to a sharp
decline of the sulfate content [9] in pore water in this depth
interval, and morphology of the framboid pyrite [8] in the 973-
4 core (Fig. 3). The archaeal community structure in the 973-4
core shows that the 973-4 core was located in the setting
mainly with methyl-using type and CO2-using type metha-
nogens, and there were anaerobic oxidation of methane.
Previous research results indicate that the sulfateemethane
interface in the 973-4 core is shallower (about 900 cm) [9].
Observed by scanning electron microscope, the pyrite in the
deposits of the area is mainly framboid, with octahedral
crystallite morphology and cubic pyrite crystal in local zones
[8] (Fig. 3). All of these evidences show that methane flux in
the lower zone of the 973-4 core is bigger. Moreover,
comparative analysis shows that the 973-4 core [15] and both
the hydrate-occurrence zones in the Japan Sea [17] have the
assemblage feature of Proteobacteria and Chloroflexi, which
is apparently different from the bacteria community structures
in the hydrate non-occurrence zones in the Japan Sea. TheFig. 3. SMTZ scope and pyrite morphology of the 973-4 core [8,9].comparison result of the bacteria community structures be-
tween the 973-4 core, the hydrate-occurrence and non-
occurrence zones in the Shenhu area [18] is also similar to
the above. A comprehensive analysis shows that the structures
of archaeal communities are in accordance with the analysis
results of bacteria, geochemistry and mineralogy, indicating
the occurrence of hydrate at the bottom of the 973-4 core.3.2. Difference analysis of structures of archaeal
communities in various sea areasThe archaea detected in the deposits of the Japan Sea [17]
and the Shenhu area [18] were found in other sea areas and
stations. For example, the DSAG, DHVE-6 and AAG were
found in deep-sea hot spring environments [29,30]. SAGMEG
was found in HS-PC500 core from the Shenhu area [31], in the
surface deposits from Station 1227 of the ODP 201 Voyage
[32], and in the gold mine water in South Africa [33]. Some
researchers found that MBG-D developed in the deposits from
some stations [34] in the Atlantic Ocean [34] and the
Qiongdongnan sea area of the South China Sea [35]. Jiao Lu
et al. [31] and Inagaki et al. [32] found MCG in the deposits
from the north slope of the South China Sea and the equatorial
area of the eastern Pacific Ocean, respectively. Just because of
these widely developed archaea in the hydrate-occurrence
zones and non-occurrence zones, Jiao Lu et al. [31] pointed
out that we should not just use the existence of one type of
archaea to indicate the hydrate occurrence, such as SAGMEG
and DSAG. Hence, while studying the application of geo-
microorganisms in exploring submarine resources, except for
geologic and geochemical conditions, we must consider the
ecological niche of the biogeochemical reaction driven by
microorganisms, and use the microbial community composi-
tion to indicate hydrates.
The clustering analysis results of the microbial commu-
nities in the hydrate-occurrence zones and non-occurrence
zones in the Japan Sea and the Shenhu area indicate that the
occurrence or non-occurrence of hydrates is the key factor for
deciding the structures of archaeal communities [17,18]. The
structure of archaeal community of the 973-4 core is appar-
ently different from those in the hydrate-occurrence zones and
non-occurrence zones in the Japan Sea and the Shenhu area of
the South China Sea. One possible reason may lie in the
experimental method. Several studies were based on the 16S
rRNA molecular biology technique. They lack a DNA
extraction method with high efficiency and no deviation [36],
or suitable primers for amplifying microorganisms in deep-sea
deposits [37], which may lead to the microorganism diversity.
Another interpretation is that the structures of archaeal com-
munities in deposits of various sea areas and various stations
have their own specialties. For instance, in the same type of
hydrate-occurrence zones, the predominant community in the
deposits of Cascadia exterior sea area is DSAG [32], but that
in the Shenhu area is MCG (Fig. 2b). This may be the synergy
between the geochemical features of the deposits and the
possibilities of hydrate occurrence [18]. Finally, there is a
disjointed relationship between the understanding of the
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marine sediments. Parkes et al. [38] and Fry et al. [39] utilized
16S rRNA technique to detect methanogen in methanogenic
environment, but failed. Biddle et al. [40] found that in deep
methanogenic environment, the relative abundances of the
known methanogen and the methane-generating gene are
lower. This means that the known methanogen may be just a
small sub-set of the methanogen species in deep deposits, and
there may be new methanogenic archaea, such as DSAG or
ANME-1 [19,39]. For methane oxidation, Beal et al. [41]
found methane oxidation process that can use high valence
ferrous and manganese ions as the electron acceptors in ma-
rine ecosystems, i.e., the methane oxidation coupling the
reduction of Fe3þ and Mn4þ, respectively. Milucka et al. [42]
found that the zero valence sulfur (S0) is a critical intermediate
product of AOM process, and ANME can directly drive the
coupling reaction between AOM and sulfate reduction.
Haroon et al. [43] pointed out that as a unique biological
lineage, “Methanoperedenaceae” plays an important role in
connecting the global carbon cycle and the nitrogen cycle in
anaerobic environment. These research results mean that there
is still controversy about the reaction mechanism of microor-
ganisms driving methane consumption [6].
4. Conclusions
1) All the archaea in the 973-4 core are Euryarchaeota.
Methanosarcina is the predominant community, and
Methanomicrobiales is the secondary predominant
community. The percentage changing tendency of the
above-mentioned communities is closely related to the
variation of organic matter content and compositions
during the early diagenetic process. The structures of
archaeal communities are in accordance with the anal-
ysis results of bacteria, geochemistry, indicating the
occurrence of hydrates at the bottom of the 973-4 core.
2) The indicative effect of the combination of archaeal
communities on hydrate reservoir formation is more
effective than that of single archaea.
3) The structure differences of archaeal communities in the
973-4 core, the Japan Sea and the Shenhu area reflect the
specialties of the structures of archaeal communities in
various sea areas and layers. The structures of archaeal
communities have fine indicative effect on hydrate
reservoir formation. It is necessary to integrate
geochemical parameters and geologic characteristics to
conduct a comprehensive analysis to improve its
accuracy.Fund project
National Natural Science Foundation of China “Study on
the biological markers and molecular biology of methane and
methane anaerobic oxidation in natural gas hydrate formation
system” (No.: 41276046).References
[1] Boetius A, Ravenschlag K, Schubert CJ, Rickert D, Widdel F, Gieseke A,
et al. A marine microbial consortium apparently mediating anaerobic
oxidation of methane. Nature 2000;407(6804):623e6.
[2] Lanoil BD, Sassen R, LaDuc MT, Sweet ST, Nealson KH. Bacteria and
Archaea physically associated with Gulf of Mexico gas hydrates. Appl
Environ Microbiol 2001;67(11):5143e53.
[3] Bidle KA, Kastner M, Bartlett DH. A phylogenetic analysis of microbial
communities associated with methane hydrate containing marine fluids
and sediments in the Cascadia margin (ODP site 892B). FEMS Microbiol
Lett 1999;177(1):101e8.
[4] Niemann H, Lu¨sekann T, de Beer D, Elvert M, Nadalig T, Knittel K,
et al. Novel microbial communities of the Haakon Mosby mud volcano
and their role as a methane sink. Nature 2006;443(7113):854e8.
[5] L€osekann T, Knittel K, Nadalig T, Fuchs B, Niemann H, Boetius A, et al.
Diversity and abundance of aerobic and anaerobic methane oxidizers at
the Haakon Mosby mud volcano, Barents Sea. Appl Environ Microbiol
2007;73(10):3348e62.
[6] Alperin M, Hochlcr T. The ongoing mystery of sea-floor methane. Sci-
ence 2010;329(5989):288e9.
[7] Lu Hongfeng, Liu Jian, Chen Fang, Liao Zhiliang, Sun Xiaoming,
Su Xin. Mineralogy and stable isotopic composition of authigenic car-
bonates in bottom sediments in the offshore area of Southwest Taiwan,
South China Sea: evidence for gas hydrates occurrence. Earth Sci Front
2005;12(3):268e76.
[8] Wu Lifang, Lei Huaiyan, Ou Wenjia, Han Chao. Distribution charac-
teristics and crystal form of pyrite from the sediment cores on northern
South China Sea. J Appl Oceanogr 2014;33(1):21e8.
[9] Zhang Jie, Lei Huaiyan, Ou Wenjia, Yang Yufeng, Gong Chujun,
Shi Chunxiao. Research of the sulfate-methane transition zone (SMTZ.)
in sediments of 973-4 column in continental slope of northern South
China sea. Nat Gas Geosci 2014;5(11):1811e20.
[10] Liang Yongxing, Zeng Jianhui, Yang Zhifeng, Guo Yiqun,
Kuang Zenggui. Characteristics of passway systems and their influence
on gas hydrate accumulation in Shenhu Area of northern South China
Sea. J Earth Sci Environ 2013;35(4):30e8.
[11] Liang Jinqiang, Wang Hongbin, Su Xin, Fu Shaoying, Wang Lifeng,
Guo Yiqun, et al. Natural gas hydrate formation conditions and the
associated controlling factors in the northern slope of the South China
Sea. Nat Gas Ind 2014;(7):128e35.
[12] Zhang Guangxue, Liang Jinqiang, Lu Jing’an, Yang Shengxiong,
Zhang Ming, Su Xin, et al. Characteristics of natural gas hydrate reser-
voirs on the northeastern slope of the South China Sea. Nat Gas Ind
2014;34(11):1e10.
[13] Zhang Yong, Su Xin, Chen Fang, Jiang Hongchen, Lu Hongfeng,
Zhou Yang, et al. Archaeal diversity in surface marine sediments of rock
core from Shenhu Area (HS-373PC) on continental slope of northern
South China Sea. Adv Mar Sci 2010;28(3):318e24.
[14] Zhang Hao, Wu Houbo, Wang Guanghua, Xiang Wenzhou, Yan Wen.
Prokaryote diversity in the surface sediment of northern South China Sea.
Acta Microbiol Sin 2013;53(9):915e26.
[15] Shi Chunxiao, Lei Huaiyan, Zhao Jing, Zhang Jie, Han Chao. Vertical
microbial community structure characteristics of sediment in gas hydrate
potential area of northern South China Sea Jiulong methane reef. Acta
Sedimentol Sin 2014;32(6):1072e82.
[16] Su Xin, Chen Fang, Zhang Yong, Wang Yuanyuan, Jiao Lu,
Jiang Hongchen, et al. Geomicrobiology as a new tool for exploration of
marine gas hydrates. Geoscience 2010;4(3):409e23.
[17] Yanagawa K, Kouduka M, Nakamura Y, Hachikubo A, Tomaru H,
Suzuki Y. Distinct microbial communities thriving in gas hydrate-
associated sediments from the eastern Japan Sea. J Asian Earth Sci
2014;90(8):213e49.
[18] Jiao Lu, Su Xin, Wang Yuanyuan, Jiang Hongchen, Zhang Yong,
Chen Fang. Microbial diversity in the hydrate-containing and -free sur-
face sediments in the Shenhu area, South China Sea. Geosci Front
2015;6(4):627e33.
547Yang Y. et al. / Natural Gas Industry B 2 (2015) 542e547[19] Valentine DL. Emerging topics in marine methane biogeochemistry.
Annu Rev Mar Sci 2011;3(1):147e71.
[20] Banning N, Brock F, Fry JC, Parkes RJ, Hornibrook ERC,
Weightman AJ. Investigation of the methanogen population structure and
activity in a brackish lake sediment. Environ Microbiol
2005;7(7):947e60.
[21] Fernandez N, Diaz EE, Amils R, Sanz JL. Analysis of microbial com-
munity during biofilm development in an anaerobic wastewater treatment
reactor. Microb Ecol 2008;56(1):121e32.
[22] Lueders T, Wagner B, Claus P, Friedrich MW. Stable isotope probing of
rRNA and DNA reveals a dynamic methylotroph community and trophic
interactions with fungi and protozoa in oxic rice field soil. Environ
Microbiol 2004;6(1):60e72.
[23] Teske A, Hinrichs KU, Edgeomb V, Gomez ADV, Kyscla D, Sylva SP,
et al. Microbial diversity of hydrothermal sediments in the Guaymas
Basin: Evidence for anaerobic methanotrophic communities. Appl En-
viron Microbiol 2002;68(4):1994e2007.
[24] Chen Y, Murrell JC. When metagenomics meets stable-isotope probing:
progress and perspectives. Trends Microbiol 2010;18(4):157e63.
[25] Smith KS, Ingram-Smith C. Methanosaeta, the forgotten methanogen.
Trends Microbiol 2007;15(4):150e5.
[26] Moran JJ. Methanosarcinales biogeochemistry, implications for methane
cycling. University Park: The Pennsylvania State University; 2007.
[27] Mikucki JA, Liu Y, Dclwiche M, Colwell FS, Boone DR. Isolation of a
methanogen from deep marine sediments that contain methane hydrates
and description of methanoculleus submarinus sp. nov. Appl Environ
Microbiol 2003;9(6):3311e6.
[28] Ou Wenjia, Lei Huaiyan, Lu Wanjun, Zhang Jie, Shi Chunxiao,
Gong Chujun, et al. Lipid distribution in marine sediments from the
northern South China Sea and association with gas hydrate. Acta Geol
Sin Engl Ed 2014;88(1):226e37.
[29] Takai K, Horikoshi K. Genetic diversity of Archaea in deep-sea hydro-
thermal vent environments. Genetics 1999;152(4):1285e97.
[30] Liu Qing, Xie Yunbiao, Chen Xiaoyao, Zhou Meixian. Archaeal diversity
in deep-sea hydrothermal sediments from the East Pacific Rise. J Appl
Oceanogr 2014;33(4):516e24.
[31] Jiao Lu, Su Xin, Chen Fang, Zhang Yong, Jiang Hongchen, Luo Yi, et al.
Microbial diversity in sediments of core HS-PC 500 from Shenhu Area,
northern South China Sea. Acta Microbiol Sin 2011;51(7):876e90.[32] Inagaki F, Nunoura T, Nakagawa S, Teske A, Lever M, Lauer A, et al.
Biogeographical distribution and diversity of microbes in methane
hydrate-bearing deep marine sediments on the Pacific Ocean Margin.
Proc Natl Acad Sci U S A 2006;103(8):2815e20.
[33] Takai K, Moser DP, DeFlaun M, Onstott TC, Fredrickson JK. Archaeal
diversity in waters from deep South African gold mines. Appl Environ
Microbiol 2001;67(2):5750e60.
[34] Vetriani C, Jannasch HW, MacGregor BJ, Stahl DA, Reysenbach AL.
Population structure and phylogenetic characterization of marine benthic
Archaea in deep-sea sediments. Appl Environ Microbiol
1999;65(10):4375e84.
[35] Jiang Hongchen, Dong Hailiang, Ji Shanshan, Ye Ying, Wu Nengyou.
Microbial diversity in the deep marine sediments from the Qiongdongnan
Basin in South China Sea. Geomicrobiol J 2007;24(6):505e17.
[36] Roose-Amsaleg CL, Gamier-Sillam E, Harry M. Extraction and purifi-
cation of microbial DNA from soil and sediment samples. Appl Soil Ecol
2001;18(1):47e60.
[37] Li Tao, Wang Peng, Wang Pinxian. A preliminary study on the diversity
of bacteria in the Xisha trough sediment, South China Sea. Adv Earth Sci
2006;21(10):1058e62.
[38] Parkes RJ, Webster G, Cragg BA, Weightman AJ, Newberry CJ,
Ferdelman TG, et al. Deep subsea floor prokaryotes stimulated at in-
terfaces over geological time. Nature 2005;436(7049):390e4.
[39] Fry JC, Parkes RJ, Cragg BA, Weightman AJ, Webster G. Prokaryotic
biodiversity and activity in the deep subsea floor biosphere. FEMS
Microbiol Ecol 2008;66(2):181e96.
[40] Biddle JF, Fitz-Gibbon S, Schuster SC, Brenchley JE, House CH. Met-
agenomic signatures of the Peru Margin subsea floor biosphere show a
genetically distinct environment. Proc Natl Acad Sci
2008;105(30):10583e8.
[41] Beal EJ, House CH, Orphan VJ. Manganese- and iron-dependent marine
methane oxidation. Science 2009;325(5937):184e7.
[42] Milucka J, Ferdelman TG, Polerecky L, Franzke D, Wegener G,
Schmid M, et al. Zero-valent sulphur is a key intermediate in marine
methane oxidation. Nature 2012;491(7425):541e6.
[43] Haroon MF, Hu S, Shi Y, Imelfort M, Keller J, Hugenholtz P, et al.
Anaerobic oxidation of methane coupled to nitrate reduction in a novel
archaeal lineage. Nature 2013;500(7464):567e70.
